Abstract Heat shock response and programmed cell death are cellular reactions to stressful stimuli. Previous studies have not correlated these responses in vivo at the spatial level in mammalian tissues. This study uses a dual procedure involving immunocytochemistry for Hsp70 localization and the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end-labeling (TUNEL) assay for cell death to correlate the pattern of stress-inducible Hsp70 and cell death at the cellular level. After whole-body hyperthermia in the rat, an increase in Hsp70-positive cells and TUNEL-positive cells was noted in brain, thymus, and bone marrow. However, 2 populations of cells were apparent in the tissues examined, those inducing Hsp70 and those triggered into programmed cell death. Cells that were both Hsp70 positive and TUNEL positive were rarely detected. In tissues of the intact mammal, cells that induce Hsp70 after whole-body hyperthermia were not triggered into programmed cell death.
INTRODUCTION
Cells respond to a range of stressful stimuli by activating the heat shock (stress) response, in which a set of genes encoding heat shock proteins (hsps) is transiently induced (Lindquist and Craig 1988; Pardue et al 1992) . These induced proteins play important roles in cellular repair mechanisms and protect against subsequent stress (Georgopoulos and Welch 1993; Parsell and Lindquist 1993; Morimoto et al 1994; Li et al 1995; De Maio 1999) . Stressful stimuli can also trigger programmed cell death, a genetically controlled suicide mechanism involving caspase activation that leads to efficient cell elimination without an inflammatory response (Dorstyn et al 1998; Samali and Orrenius 1998; Earnshaw et al 1999; Wolf and Green 1999) . A characteristic change associated with programmed cell death is the cleavage of deoxyribonucleic acid (DNA) that can be detected at the cellular level by the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate (dUTP) nick-end-labeling (TUNEL) method (Gavrieli et al 1992) .
Elevation of body temperature in the intact mammal activates the cellular stress response. For example, popu-lations of neural cells induce the heat shock proteins Hsp70, 32, and 27; however, levels of constitutively expressed hsc proteins do not change (Brown 1994; Brown and Sharp 1999; . The inducible hsps associate with synaptic elements, where they may facilitate repair of stress-induced damage and contribute to neuroprotective mechanisms . Prior heat shock has been shown to confer functional protection to synapses at the level of neurotransmission, and selective overexpression of Hsp70 enhances the magnitude of the synaptic protection (Karunanithi et al 1999 (Karunanithi et al , 2002 Kelty et al 2002) .
As reviewed above, stressful stimuli induce 2 cellular reactions, ie, heat shock response and programmed cell death. Previous studies have not correlated these cellular responses in vivo at the spatial level in mammalian tissues. Our present objective is to correlate the pattern of Hsp70 induction with the pattern of programmed cell death in tissues of the hyperthermic rat using immunocytochemistry and TUNEL method, respectively. Hyperthermia is a physiologically relevant phenomenon. Clinical studies have shown deleterious effects of fever in young children and teratogenic effects of hyperthermia during early development (Graham et al 1998) . Temperature elevations at critical developmental stages can result in structural malformations associated with programmed cell death (Walsh et al 1991; Edwards et al 1995; Mirkes et al 1997 Mirkes et al , 2001 Little 1998, 2000; Breen et al 1999; Little and Mirkes 2002; Soleman et al 2003) .
MATERIALS AND METHODS

Induction of hyperthermia
The body temperature of 45-day-old male Wistar rats was elevated by placement of animals in a dry-air incubator at 43ЊC. Once animals reached the target temperature of ϩ4.5 Ϯ 0.4ЊC, they were maintained at this temperature for 1 hour. Rats were then removed from the incubator, given water, and returned to their cages, where they recovered at room temperature. Animals were killed after 2.5, 5, 10, 15, and 24 hours.
Postnatal day 7 (P7) rats were taken away from their mothers and placed in a dry-air incubator at 42ЊC, where their body temperatures were elevated to 41.0 Ϯ 0.6ЊC. A needle thermistor probe was placed under the forelimb every 10 minutes to monitor body temperature. The target temperature was maintained for 1 hour. Pups were then removed from the incubator, cooled to normal temperature, and returned to their mothers. Animals were anesthetized and perfused at 10 hours after the hyperthermic episode.
Western blotting
Control and heat-shocked adult male rats were decapitated, and cerebellum and thymus tissues were extracted and homogenized in 0.32 M sucrose. Bone marrow was extracted from the femur, and recovered cells were homogenized in 0.32 M sucrose. Total protein concentrations of the tissue homogenates were determined using the BioRad (Hercules, CA, USA) protein assay. Sample aliquots of the homogenates were stored at Ϫ20ЊC. Aliquots of control and heat-shocked tissues (25 g protein) were boiled for 5 minutes in an equal volume of solubilization buffer (8 M urea, 2% sodium dodecyl sulfate [SDS], 2% 2-mercaptoethanol, and 20% glycerol) and electrophoresed on 10% SDS-polyacrylamide gels. Electrophoretic transfer of proteins onto a nitrocellulose membrane was carried out for 16-18 hours in borate buffer (50 mM boric acid, 4 mM 2-mercaptoethanol, 2 mM ethylenediamine-tetraacetic acid, pH 8.9) at 400 mA. Nitrocellulose membranes were rinsed in TBST buffer (10 mM Tris, 0.25 M NaCl, 0.5% Tween-20, pH 7.5) and stained with Ponceau S to test for equal loading and efficient transfer. Ponceau S stain was removed from membranes by washing with TBST buffer.
After blocking with 5% carnation milk powder in TBST for 2 hours, blots were incubated overnight with a mouse monoclonal anti-human Hsp70 antibody that specifically recognizes stress-inducible Hsp70 (Stressgen, Victoria, BC, Canada, SPA810) using an antibody dilution of 1: 5000 in TBST containing 1% purified bovine serum albumin (BSA) and 0.02% sodium azide. Membranes were then rinsed 4 times for 10 minutes each in TBST buffer with 1% BSA (Biotech Grade, BioShop Inc, Burlington, ON, Canada) and incubated for 2 hours with anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase diluted at 1:5000 in TBST with 1% BSA. For detection of immunoreactive bands, blots were processed with enhanced chemiluminescence Western blotting detection reagents (Amersham, Piscataway, NJ, USA, RPN 2106). The data presented are representative of results obtained from experiments using 3 different animals per time point.
Tissue preparation for TUNEL and immunocytochemistry
Control and heat-shocked adult and P7 rats were anesthetized with sodium pentobarbital (50 mg/kg) and perfused intracardially with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4. P7 and adult brain and thymus tissues were isolated and fixed overnight in 4% paraformaldehyde at 4ЊC. Tissues were then equilibrated through a series of sucrose gradients (5%, 10%, and 20% sucrose in PBS) and embedded in OCT compound (Somagen Diagnostics Inc, Edmonton, Alberta, Canada). Embedded tissues were kept frozen at Ϫ70ЊC until sectioning. Cryostat sections of 20 m (for standard TUNEL staining) and 10 m (for fluorescent TUNEL-immunocytochemistry) were collected on gelatin-coated microscope slides (1% gelatin and 0.05% chromium potassium sulfate) and air dried for 2 hours. Brain and thymus tissue sections were floated on water before placement on slides. For bone marrow, control and heat-shocked adult male rats were decapitated and cells were washed out of the femur bone with 4% paraformaldehyde and fixed for 3 hours at 4ЊC. Bone marrow cells were then spun down for 2 minutes at low speed and resuspended in an equal volume of PBS. Cells were spread on gelatin-coated slides and air dried for 2 hours before processing with TUNEL or immunocytochemistry.
TUNEL assay for DNA fragmentation
The TUNEL method was used on 20-m cryostat sections to detect nuclear DNA fragmentation at the cellular level (Gavrieli et al 1992) . The In Situ Cell Death Detection Kit, POD (Roche Diagnostics, Laval, Quebec, Canada), was used as specified by the manufacturer. The contents of the kit were diluted to half strength. After a standard 5-minute fixation in 4% paraformaldehyde and a 30-minute quenching of endogenous peroxidase activity with 0.3% H 2 O 2 in methanol at room temperature, slides were rinsed in PBS buffer for 5 minutes and treated with cell permeabilization solution (0.1% sodium citrate with 0.1% Triton X-100) for 6 minutes on ice. Slides were then rinsed twice (for 5 minutes each) and incubated for 1 hour in a humidified chamber at 37ЊC with the TUNEL reaction mixture containing terminal deoxynucleotidyl transferase (TdT) and fluorescein-conjugated dUTP. For detection of fluorescein-labeled DNA fragments, slides were incubated with a sheep antifluorescein antibody conjugated to horseradish peroxidase for 30 minutes at 37ЊC. The TU-NEL signal was observed using the DAB substrate kit (Vector Labs, Burlingame, CA, USA). TUNEL-positive cells were viewed using a light microscope, and images were captured with Northern Eclipse Software (Empix Inc, Mississauga, Ontario, Canada). The data presented are representative of results obtained from experiments with 3 different animals for control and heat shock groups of each tissue.
Dual TUNEL and Hsp70 immunocytochemistry
Ten-micrometer cryostat tissue sections were rehydrated for 20 minutes in PBS-G buffer (0.1 M PBS, pH 7.4, 0.2% Triton X-100, 0.1% BSA) and subsequently blocked for 2 hours with 10% goat serum. Sections were then incubated overnight in mouse monoclonal anti-Hsp70 antibody (StressGen, SPA810) diluted at 1:400 in PBS-G buffer containing 0.02% sodium azide. After 2 washes (5 minutes each) in PBS-G, slides were incubated in the dark with 1: 400 Cy2-conjugated goat anti-mouse IgG (Jackson Immunoresearch, Mississauga, Ontario, Canada). Slides were rinsed 3 times in PBS-G buffer for 25 minutes each.
Tissue sections were then processed for the TUNEL method modified for fluorescent microscopy. Slides were rinsed twice in PBS and incubated in cell permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate) on ice for 6 minutes. After two 5-minute washes in PBS, slides were incubated with TUNEL reaction mixture containing TdT and digoxigenin (DIG)-11-dUTP (Roche Diagnostics) for 1 hour in a humidified chamber at 37ЊC. DIG-labeled DNA strand breaks were detected by incubation for 30 minutes with a mouse monoclonal anti-DIG IgG conjugated to Cy5 (Jackson Immunoresearch) diluted at 1:200 at 37ЊC. Slides were then washed 3 times for 25 minutes each in PBS buffer containing 1% BSA and mounted in 60% glycerol. Tissue sections were then examined using an LSM 510 laser scanning microscope (Carl Zeiss, Jena, Germany) equipped with an Argon laser producing monochromatic light at 488 nm, which is applied to excite the Cy2 fluorophore, and a second laser producing a monochromatic light at 633 nm (HeliumNeon laser) for Cy5.
Quantitative analysis
TUNEL-positive cells were quantified using 3 sets of animals for control and heat-shocked treatments of all tissues examined. For each set of animals, the experiment was repeated 3 times. The numbers of TUNEL-positive Error bars indicate standard error of the mean. Statistical analysis was performed using the t-test, and data were considered significant (*) when P Ͻ 0.05.
zation of both signals (yellow) were determined for the designated areas of each tissue.
RESULTS
Induction of Hsp70 after whole-body hyperthermia
As shown by Western blotting in Figure 1 , hyperthermia caused an induction of Hsp70 in the cerebellum of the adult rat and also in the thymus and bone marrow. In control animals, Hsp70 was barely detectable in the cerebellum and not apparent in bone marrow; however, basal levels were comparatively high in the thymus.
Induction of cell death in the brain
The TUNEL method was used to localize sites of DNA fragmentation, a characteristic feature of programmed cell death (Gavrieli et al 1992) . Most cells in the adult rat brain were not triggered into cell death by the hyperthermic treatment. As shown in Figure 2 , TUNEL-positive cells were detected in a few scattered cells in the pia mater of the cerebellum, the corpus callosum, and the fimbria (panels A and B, C and D, and E and F, respectively). Quantitative analysis of the number of TUNELpositive cells in control vs heat shock regions of the adult brain demonstrated that the induction of cell death after heat shock was statistically significant in the pia mater and the corpus callosum but not in the fimbria (Fig 3A) .
Cellular localization of Hsp70 and cell death in the brain
Dual immunocytochemistry and TUNEL reactivity were undertaken to examine the spatial correlation of stressinduced Hsp70 and neural cells triggered into cell death after the hyperthermic treatment. The distribution of Hsp70-positive cells (green) and TUNEL-positive cells (red) is shown in Figure 4 ( panel A, control, and panel B, hyperthermia) . In this analysis, cells that appear yellow would indicate the colocalization of these 2 signals. A major increase in Hsp70-positive cells (green) and scattered TUNEL-positive (red) apoptotic cells was observed after hyperthermia. However, no neural cells in which the 2 signals colocalized were noted. The Hsp70-positive cells and the TUNEL-positive cells formed separate populations. A quantitative analysis of these results is presented in Figure 5A .
Hyperthermia-induced cell death and Hsp70 in the thymus
Hyperthermia resulted in a pronounced increase in TU-NEL-positive cells in the thymus (Fig 6 A,B) . Quantitative analysis revealed that cells in the cortex region of the thymus demonstrated a higher level of cell death than the medulla (Fig 3B) . Dual immunocytochemistry and TU-NEL (Fig 6C, control, and Fig 6D, hyperthermia) revealed that the thymus cells inducing Hsp70 (green) and those cells triggered into programmed cell death (red) fell into 2 populations. Only a few scattered thymus cells (indicated by arrows) demonstrated colocalization of both signals (yellow). A quantitative analysis is shown in Figure  5B .
Effect of hyperthermia on cell death and Hsp70 in bone marrow cells
Bone marrow in control animals exhibited a substantial number of TUNEL-positive cells, as shown in Figure 7A . Hyperthermia greatly increased the number of TUNELpositive cells, as demonstrated in Figure 7B and by statistical analysis in Figure 3C . The dual immunocytochem- ical and TUNEL technique showed separate populations of cells that were Hsp70 positive (green) or undergoing cell death (red) (Fig 7C, control, and Fig 7D, hyperthermia) . In bone marrow only a few scattered cells (indicated by arrows) were positive for both signals (yellow). Figure  5C presents a quantitative analysis of these results.
Cellular localization of Hsp70 and cell death in the developing brain
Dividing cells are present in the adult thymus and bone marrow; however, cells in the adult brain are postmitotic.
We next investigated how dividing neural cells in the cerebellum at an earlier stage of development respond to hyperthermia (Fig 4 C,D) . At P7, cells in the external granule layer (arrows) undergo active cell division. After hyperthermia, induction of both Hsp70 (green) and cell death (red) were observed in separate cell populations. Cell death was localized to the cells in the external granule layer (arrows) that were undergoing active cell division, whereas Hsp70 induction was observed in glial cells in both the molecular layer (single arrowheads) and the deep white matter (double arrowheads) and also in the surface cell layer (asterisk). No detectable cells were ob- 
DISCUSSION
Our laboratory and other groups have investigated the expression of heat shock genes in the mammalian brain under normal and hyperthermic conditions (for reviews, see Brown 1994; Brown and Sharp 1999; . More recently, we have analyzed the effect of hyperthermia on the induction of programmed cell death in mammalian tissues (Khan and Brown 2002) . These results suggested that actively dividing cell populations are more prone to cell death induced by hyperthermia than fully differentiated cells. Previous investigations have not correlated the in vivo pattern of induction of heat shock proteins to the pattern of programmed cell death at the spatial level. Hyperthermia is a classic inducer of the heat shock response. The major hsps induced after heat shock in mammalian tissues are the Hsp70 proteins that belong to a multigene family of highly conserved proteins, including both stress-inducible and constitutively expressed members (Kiang and Tsokos 1998) .
Our studies at the whole-tissue level of Western blot analysis have shown that robust induction of Hsp70 in the cerebellum correlates with the high level of protection of neural cells from heat-induced cell death and that the delayed, less robust Hsp70 induction in testis correlated with its sensitivity to hyperthermia-induced cell death (Khan and Brown 2002) . However, that study also demonstrated that cells in the thymus readily undergo cell death despite its robust induction of Hsp70. Clearly, a better index of the correlation of Hsp70 induction and cell death was needed than the analysis of Hsp70 at the whole-tissue level by Western blots.
In this report, we have used dual immunocytochemistry for Hsp70 localization and the TUNEL method to investigate the spatial correlation of stress-inducible Hsp70 and programmed cell death in mammalian tissues after whole-body hyperthermia. In all tissues investigated, namely brain, thymus, and bone marrow, 2 populations of cells were apparent in vivo after hyperthermia-those inducing Hsp70 and those triggered into programmed cell death. Cells that were both Hsp70 positive and TU-NEL positive were rarely detected.
Studies in tissue culture systems have suggested that Hsp70 may inhibit specific steps in the signal transduction pathway of programmed cell death; hence, cell types inducing this heat shock protein may be protected from being triggered into cell death (Samali and Orrenius 1998; Beere et al 2000; Li et al 2000; Saleh et al 2000; Beere and Green 2001; Garrido et al 2001) . Our present in vivo observations on intact mammalian tissues support this view. Cells that induced Hsp70 after whole-body hyperthermia did not undergo cell death. In thymocytes, prior heat shock and subsequent induction of Hsp70 has previously been shown to confer tolerance against radiationinduced cell death (Gordon et al 1997) . Bone marrow cells in HSF1 knockout mice, which cannot induce Hsp70, have been demonstrated to lack the ability to develop thermotolerance and are sensitive to heat-induced cell death (Zhang et al 2002) .
Certain mammalian cell types do not induce Hsp70 after hyperthermia and do not undergo programmed cell death. In such cases, a protective mechanism involving constitutively expressed heat shock proteins may be operative. For example, our studies have shown that populations of large neurons, such as Purkinje neurons in the cerebellum, do not induce Hsp70 after hyperthermia and do not undergo cell death (Manzerra et al 1993; Khan and Brown 2002) . However, these neurons exhibit very high levels of constitutively expressed Hsc70 that we have proposed may play roles in protective mechanisms (Manzerra et al 1993; Manzerra and Brown 1996; D'Souza and Brown 1998) .
Our studies suggest that actively dividing cell populations in intact mammalian tissues are more prone to hyperthermia-induced cell death than fully differentiated postmitotic cells. At the spatial level in brain, thymus, and bone marrow, distinct cell populations are apparent in vivo after hyperthermia, representing cells that are either triggered into programmed cell death and exhibit no detectable induction of Hsp70 or demonstrate induction of Hsp70 and are consequently resistant to cell death.
